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(57) ABSTRACT

The image processing method includes acquiring an input
image produced by image capturing using an optical system,
acquiring a first noise amount contained in the input image,
performing a resolution enhancement process on the input
image, performing frequency decomposition of the input
image into multiple decomposed images that are mutually
different frequency band components, and calculating, on a
basis of the first noise amount and a frequency characteristic
of the resolution enhancement process, a second noise
amount contained in each of areas of each of the multiple
decomposed images. The method further includes perform-
ing a noise reduction process on each area of each decom-
posed image on a basis of the second noise amount calcu-
lated for that area, and combining the multiple decomposed
images each subjected to the noise reduction process
together.

14 Claims, 5 Drawing Sheets
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IMAGE PROCESSING METHOD, IMAGE
PROCESSING APPARATUS, IMAGE
CAPTURING APPARATUS, IMAGE
PROCESSING PROGRAM AND
NON-TRANSITORY COMPUTER-READABLE
STORAGE MEDIUM

TECHNICAL FIELD

The present invention relates to an image processing
technique for reducing a noise contained in an image pro-
duced by image capturing and particularly to a technique for
reducing a noise contained in an image subjected to a
resolution enhancement process.

BACKGROUND ART

Light emitted from a point of an object and passing
through an optical system cannot be converged to one point
due to diffraction or aberration of the optical system and
therefore has a slight spread. A light distribution with such
a slight spread is called a point spread function (PSF). An
image produced by image capturing using an image captur-
ing optical system corresponds to one formed by convolu-
tion of an ideal object image with the PSF and thus has a
degraded resolution (blur).

For this reason, a resolution enhancement process to
correct such a degraded image is often performed. One
example of the resolution enhancement process is an image
restoration process. The image restoration process is per-
formed by, for example, convoluting an image to be cor-
rected (input image) with an image restoration filter having
an inverse characteristic to that of an optical transfer func-
tion (OTF) of the image capturing optical system. The OTF
can be acquired by performing a Fourier transform on the
PSF.

However, the image restoration process may amplify a
noise generated in an image capturing apparatus (image
sensor) used for the image capturing and therefore contained
in the degraded image or generate ringing. For this reason,
it is difficult to produce a good high-resolution image with
the resolution enhancement process by the image restoration
process simply using an image restoration filter having a
characteristic inverse to that of the OTF. An image restora-
tion method that can solve such a problem is known which
uses a Wiener filter capable of controlling a degree of
restoration depending on an intensity ratio (SNR) of an
image signal to a noise signal. The Wiener filter is provided
with an adjustment term (amplification factor adjustment
term) to control an amplification factor of the noise.

However, setting the amplification factor adjustment term
of the Wiener filter such that the amplification factor
increases can improve a resolution enhancement effect of the
image restoration process, but significantly amplifies the
noise. On the other hand, setting the amplification factor
adjustment term such that the amplification factor decreases
can suppress the noise amplification, but decreases the
resolution enhancement effect.

As methods of performing a noise reduction process on a
high-resolution image produced by the resolution enhance-
ment process to produce an image having a high resolution
and less noise, Patent Literature 1 and Non-Patent Literature
1 disclose methods using a wavelet transform. The method
disclosed in Patent Literature 1 reduces, in a wavelet space,
a noise generated when a blur correction is performed as the
resolution enhancement process. The method disclosed in
Non-Patent Literature 1 performs, when an image restora-
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tion process as the resolution enhancement process is per-
formed on an entire image, a noise reduction process uni-
formly on the entire image in the wavelet space on a basis
of a frequency characteristic of the resolution enhancement
process to reduce a noise amplified by the resolution
enhancement process

CITATION LIST
Patent Literature

[PTL 1] United States Patent Publication No. 2007-0165961

Non Patent Literature

[NPL 1] R. Neelamani et al., “ForWaRD: Fourier-Wavelet
Regularized Deconvolution for [1l-Conditioned Systems”,

IEEE Transactions on Signal Processing, Vol. 52, No. 2
(2004)

SUMMARY OF INVENTION
Technical Problem

However, while the blur correction as the resolution
enhancement process disclosed in Patent Literature 1 is
performed on a blur uniformly appearing in the entire image,
the degradation caused by the image capturing optical
system is not uniform in the entire image, which requires
performing the resolution enhancement process on each of
areas in the image. Patent Literature 1 does not disclose a
method of reducing a noise amplified by the resolution
enhancement process performed on each area in the image.

Moreover, when the resolution enhancement process is
performed on each area in the image, the noise reduction
process performed uniformly on the entire image as dis-
closed in Non-Patent Literature 1 generates a remaining
noise and a blur depending on an amplification amount of
the noise generated by the resolution enhancement process
performed on each area.

The present invention provides an image processing
method, an image processing apparatus and others each
capable of effectively reducing a noise amplified by a
resolution enhancement process even when the resolution
enhancement process is performed on each area of an image.

Solution to Problem

The present invention provides as an aspect thereof an
image processing method including acquiring an input
image produced by image capturing using an optical system,
acquiring a first noise amount contained in the input image,
performing a resolution enhancement process on the input
image, performing frequency decomposition of the input
image into multiple decomposed images that are mutually
different frequency band components, calculating, on a basis
of'the first noise amount and a frequency characteristic of the
resolution enhancement process, a second noise amount
contained in each of areas of each of the multiple decom-
posed images, performing a noise reduction process on each
area of each decomposed image on a basis of the second
noise amount calculated for that area, and combining the
multiple decomposed images each subjected to the noise
reduction process together.

The present invention provides as another aspect thereof
an image processing apparatus configured to perform pro-
cessing including the steps of acquiring an input image
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produced by image capturing using an optical system,
acquiring a first noise amount contained in the input image,
performing a resolution enhancement process on the input
image, performing frequency decomposition of the input
image into multiple decomposed images that are mutually
different frequency band components, calculating, on a basis
of'the first noise amount and a frequency characteristic of the
resolution enhancement process, a second noise amount
contained in each of areas of each of the multiple decom-
posed images, performing a noise reduction process on each
area of each decomposed image on a basis of the second
noise amount calculated for that area, and combining the
multiple decomposed images each subjected to the noise
reduction process together.

The present invention provides as still another aspect
thereof an image capturing apparatus including an image
sensor configured to produce an input image by image
capturing through an optical system, and the above image
processing apparatus.

The present invention provides as yet another aspect
thereof an image processing program configured to cause a
computer to execute processing corresponding to the above
image processing method or a non-transitory computer-
readable storage medium storing an image processing pro-
gram to cause a computer to execute the processing.

Further features and aspects of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

Advantageous Effects of Invention

The present invention performs the noise reduction pro-
cess on each of areas of each of the multiple images
provided by frequency decomposition of the input image
subjected or to be subjected to the resolution enhancement
process and then combines the multiple images subjected to
the noise reduction process together. Therefore, the present
invention can effectively reduce a noise amplified by the
resolution enhancement process even when the resolution
enhancement process is performed on each of areas of the
input image.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a flowchart illustrating an image processing
method that is Embodiment 1 of the present invention.

FIG. 2 illustrates shift-invariant areas in an image resto-
ration process and an optical transfer function in Embodi-
ment 1.

FIG. 3 illustrates an example of multiple sub-band images
produced by performing frequency decomposition with a
wavelet transform on an image subjected to a resolution
enhancement process in Embodiment 1.

FIG. 4 illustrates areas of each of the sub-band images in
Embodiment 1.

FIG. 5 illustrates an amplification amount in each of the
areas of each of the sub-band images in Embodiment 1.

FIG. 6 is a flowchart illustrating a noise reduction process
performed in Embodiment 2 of the present invention.

FIG. 7 illustrates an image capturing apparatus including
an image processing apparatus that is Embodiment 3 of the
present invention.

DESCRIPTION OF EMBODIMENTS

Embodiments of the present invention will be described
below with reference to the attached drawings.
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4

First, description will be made of underlying techniques
of embodiments of the present invention. As one of resolu-
tion enhancement processes for correcting degradation of a
captured image (hereinafter also referred to as “an input
image”) produced by image capturing using an image cap-
turing optical system (hereinafter also simply referred to as
“an optical system”), the degradation being caused by dif-
fraction and aberration generated by the optical system, the
following image restoration process is performed.

When, in a real space (x,y), f(x,y) represents an original
image not degraded by the optical system, h(x,y) represents
a point spread function (PSF) of the optical system, and
g(x,y) represents a degraded image, a relation among them
is expressed by the following expression (1):

g X Yy h(x-Xy-Y)dXdY 0

Performing a Fourier transform on expression (1) to
transform it from the real space (x,y) into a frequency space
(u,v) derives the following expression (2):

G(uv)y=F(u,v)-Hu,v) 2)

In expression (2), F(u,v) represents a Fourier transform of
the original image f(x,y), G(u,v) represents a Fourier trans-
form of the degraded image g(x,y), and H(u,v) represents a
Fourier transform of the PSF h(x,y). That is, H(u,v) repre-
sents an optical transfer function (OTF).

Furthermore, transforming expression (2) derives the fol-
lowing expression (3):

F(u,v)=G(u,v)/H(u,v) 3)

Expression (3) shows that division of G(u,v) representing
the Fourier transform of the degraded image g(xy) by
H(u,v) representing the Fourier transform of the PSF h(x,y)
in the frequency space can provide F(u,v) representing the
Fourier transform of the non-degraded original image f(x,y).
Therefore, performing an inverse Fourier transform on F(u,
v) enables providing the non-degraded original image f(x,y).

However, actually performing the above-described image
process to produce the non-degraded original image is
highly likely to significantly amplify a noise generated by an
image sensor or to generate ringing in the produced image.
Because of such adverse effects caused by the above-
described image process, it is difficult to produce a good
image with the method of simply using a characteristic
inverse to that of the OTF. In order to overcome this
difficulty, a method using a Wiener filter expressed by
expression (4) is known as an image restoration method for
suppressing the noise amplification.

As described above, H(u,v) represents the OTF of the
optical system, and I" represents a constant for reducing a
noise amplification amount. In other words, even if no noise
is generated in a target image to be subjected to the image
restoration process, an excessively large amplification factor
makes it prone to adverse effects such as the ringing and an
edge fall (undershoot). For this reason, it can be said that the
constant I" can be utilized as an adjustment term to control
the amplification factor. Alternatively, the constant I' may be
replaced by I'(u,v) serving as an adjustment term haVinjg a
frequency characteristic. In the following description, »/(u,
v) is referred to as a frequency characteristic of a resolution
enhancement process”, and I is referred to as “an amplifi-
cation factor adjustment term”.
1 |H s, v)I* )

Fu e
M) = e THw D

On the other hand, the OTF H(u,v) of the optical system
is different in areas (hereinafter referred to as “image areas™)
of'an image plane, that is, of the input image. Therefore, the
frequency characteristic »/(u,v) of the resolution enhance-
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ment process expressed by expression (4) may be set dif-
ferently in the respective image areas. In this description, the
image area includes an area corresponding to one pixel.

Multiplying G(u,v) that is the Fourier transform of the
degraded image g(x,y) by expression (4) enables reducing a
phase component of the PSF caused by the diffraction or
aberration generated by the optical system and enables
amplifying a frequency characteristic of an amplitude com-
ponent, which makes it possible to produce a high-resolution
and good image. That is, when R(u,v) represents frequency
space information on an image restored by the image
restoration process using the Wiener filter, the following
expression (5) is given:

R, v)=Gu,v) W (w,v) (5)

Increasing the amplification factor by adjusting the ampli-
fication factor adjustment term I' of the Wiener filter
enhances an effect of the resolution enhancement process,
but significantly amplifies the noise. On the other hand,
decreasing the amplification factor by adjusting the ampli-
fication factor adjustment term I' makes it possible to
suppress the noise amplification, but decreases the effect of
the resolution enhancement process.

Thus, performing a noise reduction process on the high-
resolution image acquired by performing the resolution
enhancement process enables producing a high-resolution
and good image. As a method therefor, a method using the
above-described wavelet transform is known.

The wavelet transform is a method of performing, by
using localized small waves (wavelets), frequency analysis
at each of positions in an image to decompose an image
signal thereat into a high-frequency component and a low-
frequency component. The wavelet transform performing
the frequency analysis at each position in the image enables
expressing information in both a frequency domain and a
space domain and thus is effective for processes different at
positions in the image.

As expressed by expression (6), the wavelet transform
performs convolution of a signal f(x) with a basis function
P(x) spatially localized.

1 x-b (6)
wa.= o= [[reon( o )ex
a

The basis function y(x) expressed by expression (7)
includes a scale parameter a corresponding to a position in
a frequency direction and a shift parameter b corresponding
to a position in a spatial direction.

L ™

$x) = 7

(=)

On the other hand, a discrete wavelet transform uses a
basis function {(x) in which the scale parameter a and the
shift parameter b are discrete as expressed by expression (8):

V0= P (2-k) ®
where j represents a wavelet transform level, and k repre-
sents a position parameter.

Moreover, a discrete wavelet transform expressed by
expression (9) expresses information by using a basis func-
tion composed of a pair of a scaling function ¢ and a wavelet
function 1 each forming an orthonormal basis. The scaling
function ¢ and the wavelet function 1 are respectively given
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6

by sequences, that is, respectively express the information
using a scaling sequence p, and a wavelet sequence q.

Sjk = Z Pr2kSj—1,n ©)

Wik = Z Gn—2k"S j-1,n
n

In expression (9), s, , represents a scaling coeflicient that is
a low-frequency component, and w,, represents a wavelet
coeflicient that is a high-frequency component.

A large number of the basis functions are proposed. The
wavelet transform is performed by selecting anyone of the
basis functions and using its scaling sequence p,. The
wavelet sequence g, can be derived from a two-scale relation
expressed by expression (10) using the scaling sequence p.

=P (10)

In the wavelet transform for an image, a wavelet trans-
form is performed on the image (original image) in its
horizontal direction to decompose the original image into a
low-frequency component (hereinafter also referred to as “a
low-frequency band component”) and a high-frequency
component (hereinafter also referred to as “a high-frequency
band component”), and another wavelet transform is per-
formed on the low-frequency and high-frequency band
components acquired by the decomposition in their vertical
direction. By these wavelet transforms, as shown in FIG. 3,
the original image is decomposed into four partial images,
that is, frequency decomposition of the original image into
four sub-band images (LL1, LH1, HL.1 and HH1) whose
frequency bands are mutually different is performed. In FIG.
3, the sub-band image L.L1 illustrated in an upper left part
is an image of the low-frequency band component (scaling
coefficient), and the sub-band image HH1 illustrated in a
lower right part is an image of the high-frequency band
component (wavelet coefficient). The sub-band image HL.1
illustrated in an upper right part is an image of the high-
frequency band component extracted in the horizontal direc-
tion and the low-frequency band component extracted in the
vertical direction. The sub-band image LH1 illustrated in a
lower left part is an image of the low-frequency band
component extracted in the horizontal direction and the
high-frequency band component extracted in the vertical
direction.

Furthermore, performing the wavelet transform on the
sub-band image LL.1 enables decomposing the sub-band
image LL1 into sub-band images 1.2, HL.2, LH2 and HH2
whose horizontal and vertical image sizes are half of those
of the sub-band image L.L1. Thus, multiple sub-band images
LL (LL1, LL2, LL3, ... ) whose number corresponds to a
transform level (number of times of the transforms) can be
acquired.

As a method of performing the noise reduction process by
using the wavelet transform, a threshold process is known.
The threshold process is a method of regarding a component
having an amount smaller than a predetermined threshold as
a noise and reducing the noise. The threshold process in the
wavelet space is performed on the sub-band images HL., HH
and LH other than the sub-band images LL and replaces, as
expressed by expression (11), a wavelet coefficient w, ;...
(x,y) having an absolute value equal to or less than a
threshold p,.pumdOsuppana With zero. This replacement
reduces a noise component.
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Wsubband(¥s ¥) i Weutrband (%, Y)| > Psubband T subband (1)

Wsubband (X, ¥) = { .
0 if [Waupband (%> Y)| < Psubband T subband

The threshold is set on a basis of a noise amount contained
in the high-resolution image. Specifically, a standard devia-
tion is used as the threshold. In expression (11), P.,ppand
represents a weight parameter.

A noise amount 0, ., contained in the sub-band image
produced by the frequency decomposition of the high-
resolution image by the wavelet transform is calculated by
expression (12). That is, the noise amount o, ., can be
calculated from a noise amount o, contained in the input
image not subjected to the resolution enhancement process
and an amplification amount A_,,,..; of each sub-band
image in the resolution enhancement process.

(12

_J2
Tsubband = N T4 X Asubband

1 (13)
Asband = 5 ) DN (@t I - Mt 1, I

The noise amount o, contained in the input image is
acquired by measurement or estimation performed on the
input image. A method is known of, when the noise con-
tained in the input image is a white Gaussian noise uniform
in both real and frequency spaces, estimating the noise from
a median absolute deviation (MAD) expressed by expres-
sion (14):

MAD=median(wzz;—median(wzgz)1) (14)

The MAD is calculated by using a median (central value)
of a wavelet coeflicient w,,, of the sub-band image HH1
produced by the wavelet transform performed on the input
image. From a relation expressed by expression (15)
between the standard deviation and the MAD, the standard
deviation of the noise component can be estimated.

0=MAD/0.6745 as)

The amplification amount A_,, .. of each sub-band
image in the resolution enhancement process is calculated
by expression (13) and is set on a basis of the frequency
characteristic »/(u,v) of the resolution enhancement process.
As described above, the frequency characteristic A(u,v) of
the resolution enhancement process is set from the OTF
H(u,v). In expression (13), W, ,s..(1,V) represents a fre-
quency characteristic of the frequency decomposition by the
wavelet transform, which is uniquely set from the basis
function used in the wavelet transform. In expression (13),
N represents number of data of the frequency characteristic
W(aw).

The noise amount o,,,,,,,; of each sub-band image pro-
duced by decomposing the high-resolution image by the
wavelet transform, which is calculated using the above-
described method, is based on the amplification amount
A, pana 10 the resolution enhancement process. That is, the
threshold based on the noise amount O, 1S set appro-
priately for the frequency characteristic X/(u,v) of the reso-
Iution enhancement process. Therefore, using that threshold
to the threshold process enables effectively reducing the
noise amplified by the resolution enhancement process.

Furthermore, a method is known of creating a noise
reduction filter by using an image produced by performing
the noise reduction process by the threshold process and
applying the filter in the wavelet space.
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The noise reduction filter A, ,;...(X.y) is created by
expression (16) by using the sub-band image w_,,,, .., AX.y)
provided by the wavelet transform performed on the image
subjected to the noise reduction process by the threshold
process and using the above-described noise amount

Osubband

[Wobbana (%, Y)I* (16)

[Weubbard (% 1) + Oippeand

Asubband (X, y) =

As in the threshold process, applying the noise reduction
filter to the sub-band images other than LI among the
sub-band images produced by decomposing the high-reso-
Iution image by the wavelet transform enables reducing the
noise amplified by the resolution enhancement process.

Moreover, the sub-band images HL., HH and LH sub-
jected to the noise reduction process and the sub-band image
LL are recombined by an inverse wavelet transform, and
thereby an image whose noise is reduced is produced. The
noise-reduced image is an image whose noise amplified by
the resolution enhancement process is effectively reduced on
the basis of the frequency characteristic of the resolution
enhancement process.

Each of the embodiments estimates a noise amount in
each of divided areas of each of multiple sub-band images
produced by the frequency decomposition of the high-
resolution image by the above-described wavelet transform
and then performs the noise reduction process. Thereafter,
each embodiment recombines the multiple sub-band images
whose noises have been reduced together to produce an
image whose noise amplified by the resolution enhancement
process is reduced.

Example 1

FIG. 1 illustrates a procedure of the image processing
method that is an Embodiment 1 (Example 1) of the present
invention. The image processing method is executed by a
computer constituted by a CPU or the like, which is included
in an image processing apparatus, according to an image
processing program as a computer program.

The image processing method of this embodiment per-
forms a resolution enhancement process on an input image
produced by image capturing using an image capturing
optical system and then performs a noise reduction process
on a basis of a frequency characteristic of the resolution
enhancement process. This embodiment will describe a case
of performing an image restoration process as the resolution
enhancement process.

At step S101, the computer controls an input image
acquirer to acquire a captured image as the input image from
an image capturing apparatus such as a camera. The input
image from the image capturing apparatus may be acquired
through wired or wireless communication between the
image capturing apparatus and the image processing appa-
ratus or through a storage medium such as a semiconductor
memory or an optical disk. The input image is provided with
information (hereinafter referred to as “image capturing
condition information”) indicating image capturing condi-
tions such as a focal length, an F-number and an image
capturing distance (focus lens position) of the image cap-
turing optical system in image capturing. The image cap-
turing conditions further include a pixel size of an image
sensor provided to the image capturing apparatus and others.
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FIG. 2 illustrates multiple (MxN) shift-invariant areas
provided by dividing the input image into M areas in a
horizontal direction and N areas in a vertical direction. An
optical characteristic of the image capturing optical system
is not uniform in the entire input image (that is, an image
pickup plane of the image sensor). However, an optical
characteristic of each of narrow areas in the input image can
be regarded as being uniform. In this embodiment, the
narrow areas are each referred to as “a shift-invariant area”,
and the processes are performed on each of the shift-
invariant areas (m,n). It is desirable to set in advance the
shift-invariant areas, taking the optical characteristic of the
image capturing optical system into consideration. Dividing
the input image into a larger number of the shift-invariant
areas each having a reduced size improves accuracy of the
later-described image restoration process and others, but
increases a processing time and data volume. It is therefore
desirable to set the number of the shift-variant areas with
consideration of a balance among the processing accuracy,
the processing time and the data volume.

Next, at step S102, the computer controls a first noise
amount acquirer to calculate the noise amount (first noise
amount) g, contained in the input image. The noise amount
O, contained in the input image is calculated by calculating,
by using expression (14), an MAD of a highest-frequency-
side sub-band image HH1 among multiple sub-band images
produced by performing the wavelet transform on the input
image. Alternatively, the noise amount in the input image
may be calculated for each of the shift-invariant areas (m,n)
in the sub-band image HH1 by calculating the MAD of each
shift-invariant area. It is also possible to store, in a memory,
noise amount data acquired by measuring in advance a noise
amount corresponding to image capturing conditions of the
image capturing apparatus such as an ISO sensitivity and a
luminance level and acquire, from the stored noise amount
data, a noise amount corresponding to the image capturing
condition information of the input image and to an average
luminance value of each shift-invariant area, as the noise
amount in the input image.

As long as before step S105 is executed, step S102 may
be executed after steps S103 and S104 are executed.

Next, at step S103, the computer acquires an optical
transfer function (OTF) that is the optical characteristic of
the image capturing optical system. The OTF is, as
expressed by H(u,v), a frequency characteristic of the PSF in
a two-dimensional space. That is, the OTF varies in char-
acteristic depending on the PSF. The OTF has a vast number
of variations depending on a state of the image capturing
optical system. For instance, as for a zoom lens whose focal
length is variable, there are various OTFs, the number of
which is equal to that of combinations of a focal length, an
F value, an image capturing distance, a position on the image
sensor (image pickup plane) and a color (wavelength).
Furthermore, the OTF has variations corresponding to com-
binations thereof with characteristics of the image sensor
such as a pixel size. Therefore, in practical terms, it is
enough to acquire and store only the OTFs corresponding to,
among such a large number of the combinations, combina-
tions necessary for the image restoration process. Other
OTFs than the stored OTFs (that is, OTFs corresponding to
other image capturing conditions than those of the stored
OTFs) may be produced by an interpolation process.

Data of the acquired OTFs are calculated by an optical
CAD or the like in advance, compiled into a database
suitable for the image restoration process and then stored in
the memory. It is desirable that positions of the OTF data on
the image sensor respectively correspond to the shift-invari-
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ant areas illustrated in FIG. 2. The OTF may be alternatively
acquired by measurement and may be stored as data in the
memory.

The computer acquires, from the acquired input image,
the image capturing condition information such as the focal
length, the F-number and then the image capturing distance
in image capturing and the pixel size. Then, the computer
acquires the OTF corresponding to the acquired image
capturing condition information from the prestored OTF
database.

Next, at step S104, the computer controls a resolution
enhancement processor to calculate a frequency character-
istic of the resolution enhancement process. Specifically, a
user specifies a strength of the image restoration process to
cause the computer to calculate, by using the acquired OTF,
the frequency characteristic AM(u,v) of the resolution
enhancement process by expression (4).

When the OTF representative of each shift-invariant area
(m,n) illustrated in FIG. 2 is H,, (u,v), expression (4) can be
rewritten as follows:

1 | Ho e (1t ) an

A (e, V) =
’ Hip(tds ¥) (1 Hypn 01, V)P + Do)

The frequency characteristic kfm,n(u,v) of the resolution
enhancement process can be calculated for each shift-invari-
ant area (m,n) by using expression (17).

The strength of the image restoration process may be
specified within, for example, a numerical range of 0 to 100
which is easy to understand for the user. With respect to the
numerical range specified by the user, the computer sets a
signal amplification amount to be actually applied in the
image restoration process. The signal amplification amount
is calculated as an absolute value (13, (W, V)) of expression
(17) and is controlled using an amplification factor adjust-
ment term T', .

The signal amplification amount I?»m,nf (U,V)l may be set,
for example, to a value at a specific frequency position
(U, V), or to a maximum or average value within a frequency
band of 1A, /(U V).

Next, at step S105, the computer performs the image
restoration process on the input image on a basis of the
calculated frequency characteristic kfm,n(u,v) of the resolu-
tion enhancement process to acquire (produce) a high-
resolution image (first image). In this situation, using the
frequency characteristic kfm,n(u,v) of the resolution
enhancement process calculated for each of the shift-invari-
ant areas (m,n) enables performing the image restoration
process optimum for each shift-invariant area (m,n). More-
over, using an interpolation process to prevent generation of
a block noise or the like at a boundary between the shift-
invariant areas enables performing the resolution enhance-
ment process by abetter image restoration process. The
image restoration process may be performed alternatively by
convoluting the input image with a real space filter acquired
by performing an inverse Fourier transform on expression
(17). In this case, it is also possible to store a previously-
produced real space filter in the OTF database and use the
filter.

Next, at step S106, the computer controls a frequency
decomposer to perform the wavelet transform (discrete
wavelet transform) on the high-resolution image. This pro-
cess performs frequency decomposition on the high-resolu-
tion image to decompose it into multiple sub-band images
(second images) as mutually different multiple frequency
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band components HH, HL., LH and LL, which are illustrated
in FIG. 3. The basis function used for the wavelet transform
is prestored as sequence data in the memory. The computer
selects and acquires one of the stored sequence data as the
basis function to perform the wavelet transform. Although
this embodiment will describe a case where a transform
level is three, the transform level is not limited to three and
can be changed.

Each of the multiple sub-band images produced by the
frequency decomposition by the wavelet transform is, as
illustrated in FIG. 4, divided into M areas in the horizontal
direction and into N areas in the vertical direction in a same
manner as when the image restoration process is performed
on the divided input image. Each of the divided areas of each
sub-band image corresponds to the area resulted by dividing
the input image according to the optical characteristic (OTF)
of the image capturing optical system. The following pro-
cess is performed on each of the MxN divided areas (m,n)
in each sub-band image.

Next, at step S107, the computer acquires the frequency
characteristic kfm,n(u,v) of the resolution enhancement pro-
cess performed on each shift-invariant area (m,n) of the
input image and calculates an amplification amount A, ,, ...
(m,n) of each divided area (m,n) of each sub-band image.
When the real space filter is stored in the OTF database, the
amplification amount A, , , ... Am,n) stored together with the
real space filter may be used, or the amplification amount
A, pans,n) may be acquired by performing the Fourier
transform on the real space filter.

As described above, since the OTF »/, nA(U,V) of the image
capturing optical system is different in the shift-invariant
areas, the resolution enhancement process is performed on
the basis of the frequency characteristic kfm,n(u,v) of each
shift-invariant area in the input image. For this reason, the
high-resolution image contains a noise amplified on the
basis of the frequency characteristic kfmm(u,v) of the reso-
Iution enhancement process in each shift-invariant area.
That is, the noise amplification amount in the resolution
enhancement process is not uniform in the multiple divided
areas of each sub-band image, in other words, is different in
the respective divided areas.

Thus, the computer calculates the amplification amount
A, pamsm,n) in each divided area (m,n) of each sub-band
image. Expression (13) can be rewritten as follows:

1 (18)
Asusparalm, m) = 25— 3" 1t - Wosppanaie, VP

FIG. 5 illustrates an example of a result of calculating the
amplification amount A, ;,....(m,n) in the divided areas
(m,n) of each of the sub-band images.

The computer acquires the frequency characteristic
W rpandUsV) of the frequency decomposition by performing
the Fourier transform on the sequence of the basis function
acquired in the wavelet transform. Alternatively, the com-
puter may acquire the frequency characteristic W, .., (0,V)
from ones calculated in advance from the sequences of the
respective basis functions for the wavelet transform and
stored in the memory.

In addition, since the noise reduction process (step S109)
described later is performed on the sub-band images other
than the sub-band images LL, the calculation of the noise
amplification amount (step S107) and a noise amount cal-
culation (step S108) can be omitted for the sub-band images
LL.
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Next, at step S108, the computer controls a second noise
amount calculator to acquire a noise amount (second noise
amount) in each divided area (m,n) of each sub-band image.
The noise amount herein is a standard deviation of a noise
distribution. As described above, the frequency characteris-
tic kfm,n(u,v) of the resolution enhancement process per-
formed on each shift-invariant area (m,n) of the input image
is calculated on a basis of the OTF H,, ,(u,v) of the image
capturing optical system in each shift-invariant area. For this
reason, the noise amount is different in the divided areas of
each sub-band image. Therefore, it is necessary to acquire
the noise amount O, ...{m,n) of each divided area (m,n) of
each sub-band image on the basis of the frequency charac-
teristic of the resolution enhancement process.

The noise amount O,,;,,,..Amn) of each divided area
(m,n) of each sub-band image is calculated using the noise
amount 0, contained in the input image and acquired at step
S102 and using the amplification amount A_, ,,...Am,n) of
each divided area of each sub-band image calculated at step
S107. Consequently, expression (12) can be rewritten as
follows:

Y P S
O cubband(M,1) =V 06 XA cubbana(.71)

Next, at step S109, the computer controls a noise reduc-
tion processor to perform the noise reduction process on
each divided area (m,n) of each sub-band image on a basis
of the noise amount acquired in each divided area. In this
embodiment, the threshold process is used as the noise
reduction process.

In the threshold process, the computer first sets a thresh-
old. The threshold is set on the basis of the calculated noise
amount by using a weight parameter of (2 108(Q.,15.0a)) -
In the weight parameter, Q,,; , .., represents number of data
in each sub-band image.

Next, the computer replaces, with reference to the
acquired threshold, a wavelet coeflicient equal to or less than
the threshold among wavelet coefficients Wm,ns“bb“”d(i,j) at
positions (i,j) in each divided area (m,n) of each of the
sub-band images other than the sub-band image LL., with
zero. The computer thus performs the threshold process. In
this process, expression (11) can be rewritten as follows:

(19)

wikthad ;= (20

{ wiktband (i jy if lwikbend (i )| > 210 Quubband) Tsubbana (1, 1)
0 if [wibed (i, )| = v 21og( Quubband) Tsubband (1. 1)

The set threshold is based on the noise amount in each
divided area (m,n) of each of the sub-band images calculated
at step S108. That is, the noise reduction process by the
threshold process is appropriately set for the noise amplifi-
cation amount in the resolution enhancement process per-
formed on each shift-invariant area of the input image.
Therefore, performing the threshold process by using the
acquired threshold enables effectively reducing the ampli-
fied noise on the basis of the frequency characteristic of the
resolution enhancement process in each shift-invariant area.

Next, at step S110, the computer controls a combiner to
combine the sub-band images HH, HL. and LLH subjected to
the noise reduction process and the sub-band image LL by
an inverse wavelet transform. The computer thereby
acquires at step S111 an image (third image) after the noise
reduction process. The image after the noise reduction
process is an image whose noise amplified by the resolution
enhancement process in each shift-invariant area has been
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effectively reduced on the basis of the frequency character-
istic of the resolution enhancement process.

Although this embodiment has described the case of
performing the image restoration process as the resolution
enhancement process, the image processing method of this
embodiment can be basically applied to cases of performing
other resolution enhancement processes such as an edge
enhancement process and a super-resolution process, as long
as the frequency characteristic of the resolution enhance-
ment process is acquired.

Example 2

Next, description will be made of an Embodiment 2
(Example 2) of the present invention. Differently from
Embodiment 1 using the threshold process as the noise
reduction process at step S109 in FIG. 1, this embodiment
performs on a high-resolution image a noise reduction
process using a noise reduction filter. An image processing
method in this embodiment is executed by a computer
according to an image processing program in order illus-
trated in a flowchart of FIG. 6.

The noise reduction filter is created using an image
previously subjected to the noise reduction process by the
threshold process. Therefore, the computer first performs, at
steps S201 to S211, the noise reduction process by the
threshold process on the high-resolution image acquired by
performing the resolution enhancement process on each
shift-invariant area to acquire the image after the noise
reduction process. The threshold process in this embodiment
is, as described in detail in Embodiment 1, the process to
effectively reduce the amplified noise on the basis of the
frequency characteristic of the resolution enhancement pro-
cess in each shift-invariant area.

Next, at step S212, the computer performs a wavelet
transform, that is, frequency decomposition on the image
acquired by performing the noise reduction process by the
threshold process to decompose that image into multiple
sub-band images as multiple frequency band components
HH, HL, LH and LL. This wavelet transform uses a basis
function to be used at step S213 described later. Step S212
may be performed at any timing after step S211 and before
step S216. If an identical basis function is used at steps S206
and S213, steps S210 to S212 and steps S214 and S215 may
be omitted.

Next, at step S213, the computer performs another wave-
let transform, that is, frequency decomposition on the high-
resolution image to decompose that high-resolution image
into multiple sub-band images as multiple frequency band
components HH, HL, LH and LL.

Next, at steps S214 to S215, the computer calculates, on
the basis of the frequency characteristic of the resolution
enhancement process, an amplification amount A_,, . (m,
n) in each divided area (m,n) of each sub-band image
acquired at step S213 to acquire a noise amount O, .,z
(m,n). Since steps S214 and S215 in FIG. 6 in this embodi-
ment are same processes as those at steps S107 and S108 in
FIG. 1 in Embodiment 1, a detailed description thereof is
omitted.

Next, at step S216, the computer creates a noise reduction
filter km,ns“bba"d(i,j). Specifically, the computer creates the
filter by using the wavelet coefficient Wm,ns“bb (i) of each
sub-band image and the noise amount o.,,,,,,,..(m,n) of the
divided area (m,n) of the sub-band image calculated at step
S215. In this process, expression (16) can be rewritten as
follows:
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When an identical basis function is used at steps S206 and
S213, the noise reduction filter may be created using the
noise amount calculated at step S208. Since the noise
reduction process is performed on the sub-band images other
than the sub-band image LI, the creation of the noise
reduction filter for the sub-band image LL can be omitted.

Next, at step S217, the computer performs the noise
reduction process by applying the noise reduction filter
created by the above-described method to each divided area
of each sub-band image acquired at step S213 other than the
sub-band image LL.

Next, at step S218, the computer combines the sub-band
images HH, HL. and LH subjected to the noise reduction
process and the sub-band image LL together by an inverse
wavelet transform. Thereby, at step S219, the computer
acquires an image after the noise reduction process.

The created noise reduction filter is based on the calcu-
lated noise amount in each divided area (m,n) of each
sub-band image. That is, the noise reduction process using
the noise reduction filter is appropriately set for the noise
amplification amount in the resolution enhancement process
performed on each shift-invariant area of the input image.
Therefore, performing the noise reduction process by using
the created noise reduction filter enables effectively reduc-
ing, on the basis of the frequency characteristic of the
resolution enhancement process in each shift-invariant area,
the noise amplified by the resolution enhancement process.

Example 3

Next, description will be made of an image capturing
apparatus that is an Embodiment 3 (Example 3) of the
present invention and includes an image processing appa-
ratus (computer) executing the image processing method
(image processing program) of Embodiment 1 or 2. FIG. 7
illustrates a configuration of the image capturing apparatus.

An image sensor 202 capturing an optical image of an
object formed by an image capturing optical system 201
converts the optical image into an electrical analog signal to
output the analog signal. The analog signal output from the
image sensor 202 is converted by an A/D converter 203 into
a digital signal. The digital signal is input to an image
processor 204.

The image processor 204 performs various image pro-
cesses on the input digital signal to produce a captured
image (input image).

In addition, the image processor 204 displays, on a
display 205, a GUI that allows a user to input an instruction
of whether or not to perform the resolution enhancement
process and the noise reduction process, and another GUI
that allows the user to input the strength of the resolution
enhancement process. In response to input of the user’s
instruction to perform the resolution enhancement and noise
reduction processes and the strength of the resolution
enhancement process through the GUIs, the image processor
204 performs, on the input image, the resolution enhance-
ment and noise reduction processes described in Embodi-
ment 1 or 2. The image processor 204 may be alternatively
configured to automatically perform, on the acquired input
image, the resolution enhancement and noise reduction
processes according to the user’s setting to perform these
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processes and the user’s setting of the strength of the
resolution enhancement process.

In order to cause the image processor 204 to perform the
resolution enhancement process, a state detector 207
acquires image capturing condition information in image
capturing for the input image. The state detector 207 may
acquire the image capturing condition information from a
system controller 210. In addition, the state detector 207
may acquire the image capturing condition information on
the image capturing optical system 201 from an optical
system controller 206 that controls operation of an aperture
stop 201a in the image capturing optical system 201 and
movements of a zoom lens (not illustrated) and focus lens
2015 therein. The image capturing condition information is
added to the input image. The input image is recorded in an
image recording medium 209 connected to the image pro-
cessor 204.

A memory 208 stores information on OTFs for various
combinations of image capturing conditions such as a focal
length, an F-number and an image capturing distance of the
image capturing optical system 201, a position on the image
sensor 202 (image pickup plane) and a pixel size of the
image sensor 202.

The image processor 204 outputs an output image (third
image) produced by the resolution enhancement and noise
reduction processes to the image recording medium 209
constituted by a semiconductor memory or an optical disk
for recording it thereto and to the display 205 for displaying
it thereon.

The above-described series of operations is controlled by
the system controller 210 constituted by a CPU, an MPU or
the like.

Other Examples

Embodiment(s) of the present invention can also be
realized by a computer of a system or apparatus that reads
out and executes computer executable instructions (e.g., one
or more programs) recorded on a storage medium (which
may also be referred to more fully as a ‘non-transitory
computer-readable storage medium’) to perform the func-
tions of one or more of the above-described embodiment(s)
and/or that includes one or more circuits (e.g., application
specific integrated circuit (ASIC)) for performing the func-
tions of one or more of the above-described embodiment(s),
and by a method performed by the computer of the system
or apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (DVD), or Blu-ray Disc (BD)™), a
flash memory device, a memory card, and the like.

While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
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embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
This application claims the benefit of Japanese Patent
Application No. 2014-041541, filed on Mar. 4, 2014 which
is hereby incorporated by reference herein in its entirety.

INDUSTRIAL APPLICABILITY

The present invention provides an image processing appa-
ratus and an image capturing apparatus each capable of
producing a high-resolution image with less noise.

REFERENCE SIGNS LIST

201 image capturing optical system
202 image sensor
204 image processor

The invention claimed is:

1. An image processing method performed by an image
processor, the method comprising the steps of:

acquiring an input image produced by image capturing

using an optical system;

acquiring a first noise amount present in the input image;

performing a resolution enhancement process on the input

image;
performing frequency decomposition of the input image
into a plurality of decomposed images corresponding to
mutually different frequency band components;

calculating, based on the first noise amount and a fre-
quency characteristic of the resolution enhancement
process, a second noise amount present in each of areas
of each of the plurality of decomposed images;

performing a noise reduction process on each area of each
of the plurality of decomposed images based on the
second noise amount calculated for that area in the
calculating step; and

generating an enhanced-resolution noise-reduced output

image by combining the noise-reduced plurality of
decomposed images.

2. An image processing method according to claim 1,
wherein the resolution enhancement process is performed
according to an optical characteristic of the optical system.

3. An image processing method according to claim 1,
wherein the noise reduction process is performed on each of
the areas of each decomposed image, the areas being divided
according to the optical characteristic of the optical system.

4. An image processing method according to claim 1,
wherein the first noise amount is acquired from a highest-
frequency side image among the plurality of decomposed
images.

5. An image processing method according to claim 4,
wherein the first noise amount is acquired from each of the
areas of the highest-frequency side image, the areas being
divided according to the optical characteristic of the optical
system.

6. An image processing method according to claim 1,
wherein the first noise amount is set by using (a) noise
amount data acquired by measurement of a noise amount for
a condition of the image capturing and (b) an average
luminance value of each of the areas divided according to
the optical characteristic of the optical system.

7. An image processing method according to claim 6,
wherein the condition of the image capturing includes an
ISO sensitivity and a luminance level.
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8. An image processing method according to claim 1,
wherein the second noise amount is calculated (a) on the
basis of the frequency characteristic of the resolution
enhancement process in each of the areas divided according
to the optical characteristic of the optical system and (b) on
a basis of a frequency characteristic of a basis function used
for the frequency decomposition.

9. An image processing method according to claim 1,

wherein the second noise amount is calculated on a basis

of each of noise amplification amounts mutually dif-
ferent in the areas in the resolution enhancement pro-
cess, each noise amplification amount being calculated
(a) on the basis of the frequency characteristic of the
resolution enhancement process in each of the areas
divided according to the optical characteristic of the
optical system and (b) on a basis of a frequency
characteristic of a basis function used for the frequency
decomposition.

10. An image processing method according to claim 1,
wherein the frequency decomposition is performed by a
discrete wavelet transform.

11. An image processing method according to claim 1,
wherein the resolution enhancement process is performed on
each of'the areas of each decomposed image, the areas being
divided according to the optical characteristic of the optical
system.

12. An image processing apparatus comprising:

a memory; and

an image processor connected to the memory and con-

figured to perform processing comprising the steps of:

acquiring an input image produced by image capturing
using an optical system;

acquiring a first noise amount present in the input
image;

performing a resolution enhancement process on the
input image;

performing frequency decomposition of the input
image into a plurality of decomposed images corre-
sponding to mutually different frequency band com-
ponents;

calculating, based on the first noise amount and a
frequency characteristic of the resolution enhance-
ment process, a second noise amount present in each
of areas of each of the plurality of decomposed
images;

performing a noise reduction process on each area of
each of the plurality of decomposed images based on
the second noise amount calculated for that area in
the calculating step; and

generating an enhanced-resolution noise-reduced out-
put image by combining the noise-reduced plurality
of decomposed images.
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13. An image capturing apparatus comprising:

an image sensor configured to produce an input image by

image capturing through an optical system; and

an image processing apparatus comprising:

a memory; and
an image processor connected to the memory and

configured to perform processing comprising the

steps of:

acquiring an input image produced by image captur-
ing using an optical system;

acquiring a first noise amount present in the input
image;

performing a resolution enhancement process on the
input image;

performing frequency decomposition of the input
image into a plurality of decomposed images
corresponding to mutually different frequency
band components;

calculating, based on the first noise amount and a
frequency characteristic of the resolution enhance-
ment process, a second noise amount present in
each of areas of each of the plurality of decom-
posed images;

performing a noise reduction process on each area of
each of the plurality of decomposed images based
on the second noise amount calculated for that
area in the calculating step; and

generating an enhanced-resolution noise-reduced
output image by combining the noise-reduced
plurality of decomposed images.

14. A non-transitory computer-readable storage medium
storing an image processing program to cause a computer to
execute processing comprising the steps of:

acquiring an input image produced by image capturing

using an optical system;

acquiring a first noise amount present in the input image;

performing a resolution enhancement process on the input

image;
performing frequency decomposition of the input image
into a plurality of decomposed images corresponding to
mutually different frequency band components;

calculating, based on the first noise amount and a fre-
quency characteristic of the resolution enhancement
process, a second noise amount present in each of areas
of each of the plurality of decomposed images;

performing a noise reduction process on each area of each
of the plurality of decomposed images based on the
second noise amount calculated for that area in the
calculating step; and

generating an enhanced-resolution noise-reduced output

image by combining the noise-reduced plurality of
decomposed images.
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